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SUMMARY

Thenonwhiriingpropulsivecharacteristicsofa helicopter-type
pulse-jetenginemountedona simulatedhelicopterrotorbladehave
beendeterminedintheLangley16-foottransonictunnel.Propulsive
characteristicsasa functionof fuel-flowrateweredeterminedatMach
nur$ersof0.25,0.3, 0.4, 0.5, and0.6 atyawanglesof0°,10°,and
20 . Theresultsindicatethatthemaximumenginepropulsivethrust
wasabout1 poundpersquareinchoffrontalaxeaup to a Machnuder
of0.45. At Machnunibersof0.5 and0.6 themaximumpropulsivetht
decreasedto0.94’and0.73poundpersquareinch,respectively.A
minimumspecificfuelconsumptionof ‘5.3poundsoffuelperhourper
horsepoweroccurredbetweenMachnuuibersof0.4and0.5. Thedata
indicatethatthe
enginepropulsive

A comparison
NACARML53L15on
jetenginethrust
distortion& the
ugal.acceleration

yawanglesinvestigatedhave13ttleeffectonthe
characteristics.

of thenonwhirlidgandwhirlingdataobtainedfrom
enginesofthesamedesignindicatesthatthepulse-
maybe severelypenalizedasa resultofcentrifugal
fuelspraypattern.Thiseffectappearsata centrif-
ofabout200g.

INTRODUCTION

Thepulse-jetengineisoneofthefamilyoftip-mountedjetengines
consideredsuitableforjetpropulsionofhelicopterrotors.somedata
onthehoveringcharacteristicsofa pulse-jet-poweredrotorhavebeen
reportedinreference1;however,atthattimenononwhirlingpulse-
jetenginedatawereavailableto evaluatetheeffectsofwhirlingon
theenginepropulsivecharacteristics.Accordingly,a testprogramto
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determinethebasicnonwhirling
tothatreportedinreference1
inthe16:foottransonictunnel

characteristics
wasinitiated.
atMachnumbers

NACATN3625

ofan enginesimilar
Testswereconducted
fromO.25toO.6. lh

addition,theeffectonthepropulsivecharacteristicsofpulse-set
engineSW anglesup to 20°,-su~hasmaybe encounteredat-thetipof
a helicopterrotorinforwardflight,hasbeeninvestigated.An explor-
atoryinvesti@tionoftheinfluenceoftheenginefiringpulsesonthe
pressuredistributionoverthatportionoftheairfoilsupportnearthe
enginewasalsomade.

S’YMK)LS

absolutestatictemperatureintunne+testsection,%

testMachnuuiber,ratiooftunnelairvelocityto local
veloci~of sound .

ratiooftunnelstaticpressureto standardNACAsea-level
pressure

ratioofabsolutetunnelstatictemperatureto standard
NACAsea-levelabsolutetemperature

propulsivethrustof jetengine(forceavailabletodouseful
work),lb

correctedpropulsivethrust,lb

fuel-flowrate,lb/lrc

gravitationalacceleration,32.2ft/secz

engineyawangle,deg

bladesectionchord,ft

APPARATUSANDMETHODS

TheinvestigationwasconductedintheLangley16-foottransonic
tunnel,whichhasa slottedtestsectionofoctagonalshapewithapproxi-
mately16feetbetweenoppositeflatsections.Thislargewindtunnel
waschos&tominimizewallinterferenceeffects(reinforcementofengine
firingpulses.byreflectionfromthetunnelwalls)ontheengiaepropul-
sivecharacteristics.

—
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Pulse-JetEngine

Thepulse-jetengineusedforthisinvestigationwas49.7inches
inlengthandhada maxi.mmoutsidediameterof9.4inches.A sketch
of theengineis showninfigure1. Itwassimilartotheengineused
inreference1,exceptfortwominormodifications.Thefirstmodifi-
cationconsistidofreplacingtherearmost30inchesoftheenginewith
l/8-inchstainlesssteel,toavoidthepossibili~ofbudm.goutparts
oftheengineinnerconeduringtunneltesting.Theadditionalthick-
nessof-tailpipemtal reducedthetailpipeflarefromanexl.tdism-
eterof5.9inchesto 5.7inches.Thesecondmodificationconsistedof
internalreinforcingoftheinletcowlto avoid
previouslyencounteredintestsatspeei@above

Theconventionalflapper-typevalvebox,a
showninfigure2(a),wasusedwiththeengine.

thefatiguefailures
420feetpersecond.

photographofwhichiS
Figure2(b)showsthe

arrangementofthemovingpartsofthevalvebox,whichconsi~tedofa
sandwichofoneO.005-inch-thickphosphorbronzestripbetweentwo
0.006-inch-thickbluedsteelstrips.Thesestripswere1 inchwideby
6 incheslong.Thespringconstantofthevalvesusedb thesetests
was24 poundsperinchdeflectionofthevalvetips.

Thefuelinjectionsystemconsistedoffourstandardcommercial
oil-burner-t~espraynozzlesandwme locatedimmediatelytotherear
ofthevalvebox. Thenozzleswerelocatedoneto eachsideofthe
valveboxandwiththesprayaxisnormaltotheengineairflow.Each
nozzleWasratedat15gallonsperhourat100poundspersquareinch
fuelpressureandhada 60°sprayconeangle.

Theignitionsystemconsistedofa high-tension
a smallsparkplugintheenginecotistionchaiber.

InstallationandTestMethods

COil COMeCted tO

Figure3 showstheinstallationoftheengineinthetunnel.The
centerlineoftheenginewaslocatedabout20inchesabovethecenter
lineofthetunnel.Theenginewassecuredthroughan electricstrain-
gagebalancetothetipofa simulatedrotorbladewhichhada chord
of2 feetanda spanofabout4.5feet.Thebalancewascontainedwith-
intherotorbladeandmeasuredtheengineforceperpendiculsxtothe
spanoftheairfoilandinitsplane.Alltheforcedatapresented
hereinforthevariousengineyawangleswereobtainedwiththeairfoil
chordandengineat0°angleofattack.“Theclearancebetweenthe
engineshellandthesimulatedrotorbladesectionwasabout1/16inch.
Therotorbladesectionwassupportedby theconventionaltunnelsting
mount. Theangleofattackofthestingwithrespecttothehorizontal
couldbe variedduringa testtogiveengineyawanglesofOO.to20°.
Thestingmountissrrangedsothatastheangleofthestingis changed
thetipofthestingremainsessentiallyinthecenterofthetunnel.

.
-— - — .- ..z ——— —. ——z _ —. _—_
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Fuel(80-octanewhiteautomotivegas)wassuppliedtotheengine
throughl/4-inchcoppertubinglocatedinthesting.Therateoffuel
injection’was&ontrolledbyvaryingtheoutputpressureofa high-
-pressurefuelpumplocatedoutsidethetunnel.Fuelflowwasmeasured
by a rotating-vane-typeflowmeter.

Fortheseriesoftestsconductedto establishtheeffectofveloc-
ityandyawangleontheenginepropulsivecharacteristics,thetest
procedurewasto establisha constanttunnelspeedata givenyawangle.
At thispoint,fuelwasinjectedintotheengineandignitedby the
sparkplUg.Allmeasurementsweremadeunderstea~-stateoperating
conditions.TheenginechordwiseforcewasindicatedvisualJyaswell
asrecordedby an oscillograph.Thefuel-flowratewasvariedin small
incrementsovertherangeatwhichtheenginewouldresonatefromlean
flameouttorichblowout.At eachMachnunibera power-offdragvalue
was.alsoobtainedat a yawangleof OO. ~ thrUStanddr~ Vd.UeS thuS
measuredincludea smallincrementcorrespondingto theinterference
effectoftheairfoilontheengine.Theinterferenceoftheengineon
theairfoildrag,however,wasnotinvestigated.~fiCient ~~ tO
evaluatethisinterferenceeffectaxenotyetavailable,butitis
believedtobe quitesmall.

Thecharacteristicsoftheenginehavebeencorrectedtothose
whichwouldhavebeenobtainedunderstandsxdconditionsby themethod
outlinedinreference2.

Fortheexploratory

PressureMeasurements

investigationof theeffectofenginefiring
pulseson the drfoilpressuredistribution,theblade-engineasserbl.y
wasrotated90° sothattherotor-bladespanwa8horizontal?asshown
infigure4. A sketchshowingtheenginemountandthelocationofthe
pressuregagesisgiveninfigure5. Inthisinvestigationtheengine
waskepthorizontalandtestsweremadeforblade-anglesettingsof 5°
and10°inorderto simulatetheliftingconditionontheairfoil.An
endplatewasfastened,totheendoftherotorbladetoincreaseits
e~fectiveaspectratio.

4.

TworowsofNACAminatureelectricalpressuregageswereimbedded
intherotorbladeairfoilsurfacesasshowninfigure5. Thefirstand
secondrowsofpressuregageswere6.8andI-2.1inches,respectively,
frcxntheenginecenterline.Eachrowconsistedofninepressuregages,
withfourgsgesoneachsideandoneattheairfoilleadingedge. The
airfoilpressuremeasuringsystemhada flatresponsetoabout600cycles
persecond.Ihaddition,onehighlydsmpedpressuregagewasconnected
to theengineconibustionchamberto indicateenginefiringl?regpency.
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Thetegtsconsistedofmeasuringthepressureswithandwithout
theengineoperating.Testsweremadefor-rotor-blade
of5°to 10°andvariousengine-powersettingsatMach
and0.4. Timehistoriesoftheairfoilpressureswere
a recordingoscillograph.

EstimatedAccuracies

anglesofattack
nuuibersof0.3
obtainedusing

Theesthatedaccuraciesofthebasicquantitiesmeasuredinthe
testsareasfQISoWsTenginethrustanddrag,*2 pounds;engineyaw
angle,*O.lO;tumnelllachnumber,W.002;fuelflow,~ poundsper
hour;airfoilsurfacepressures,fO.05poundpersqme inch.The
overalJaccuracyoftheplotted-datais-believedtobe

RESULTSANDDISCUSSION

EnginePropulsiveCharacteristics

EffectofMachnumber.-TheeffectofMachnumber
sivecharacteristicsofthispulse-jetengineata yaw
is showninfigure6 asa plotof correctedpropulsive

*3 percent.

Fonthepro -
sngleOfO
thrustinpounds

againstcorrectedfuel-flowrateinpoundEperhourforspeedscorre-
spondingtowti ntiersof0.25,0.3,0.4,0.5,and0.6. me negative
valuesofpropulsivethrustatlowfuel-flowratesindicatethatthe
enginethrustwasinsufficientto overcomethedrag.Themaximumand
minimumfuelratesshownindicatetherangeof stableengineoperation.
Thepower-offenginedragvaluesobtainedatthebeginningandendof
eachtestrunareshown.Thedifferenceinthevaluesisapparently
duetothehighvibratoryloadsimposedonthebalanceduringpower-on
operation.Thedragvaluesobtainedattheendofeachrunareindi-
catedby f~ed symbols.

Thecurvesindicateonlysmalldifferencesinenginepropulsive
thrustbetweenl.lathnunibersof0.25and0.3. As theMachnuder is
increased,however,thefuel‘flowrequiredto.fiti~ cons-t ew~e
thrustincreases,whichis characteristicofpulse-jetengines.The
maximumpropulsivethrustvalueincreasesslightlyfromMachnumber0.25
tb0.4. EeyondMachnumber0.4,especiallyat,Wchnumber0.6,the
maximumthrustis considerablyreduced.Thisdecreaseinpropulsive
thrustislargelyduetotheincreaseddragoftheengineatthehigher
smeeds.Someofthedecreaseinthrust shownatMachnuniber0.6could
fisobe dueto
higherspeeds,
pipecharging,
chamber.

thefailureoftheinletvalvesto closecompletelyatthe
higher
allof

combustionchambervelocities,andre%cedtail
whichreducethepressureratiointhecombustion
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Thenetforcechangefrompower-offtopower-onisdefinedasthe
engineWOSS thrustandisindicativeoftheperformanceofthepulse-
jetenginecombustioncycle.h inspectionoffigure6 indicatesthat

--!
.

themaximumenginegrossthrustis steadilyincreasingwithMachnumber
andatMachnumber0.6hasnotyetreacheda peakvalueeventhoughthe
propulsivethrustisdecreasing.

Effectofyawangle.-Theeffectofyawangleonthepropulsive
characteristicswasInvestigatedat eachMachnmiber,andis shownin
figure7. No significanteffectwasnotedfortheanglestestedat
Machnunibersbelow0.5. At a Machnumberof0.5a decreaseoftheorder
of4 poundsinpropulsivethrustwasexperiencedatyawanglesof10o
and20°overtheusefuloperatingrangeoftheengineas showninfig-

&ure7d). Theslightincreaseinthrustgenerallyshownatyawangles
of10 and20°atthelowerendofthepropulsive-thrustcwve hasno
practicalsignificanceinasmuchasthethrustisnegative.

Theeffectofyawangleontheenginepropulsivecharacteristics
atMachnumber0.6wasqtitesimilartothatshownforMachnumber0.5,
exceptthatthedecreaseinthrustwasabout5 poundsas comparedwith
the4poundsshowninfigure7(d). Thesethrustreductionsrepresenta
6-to 8-percentdecreaseinmxdmumavailablepropulsivethrust.

ComparisonofWhirlingandNonwhirlingData

A convenientmethodofillustratingengineperformanceisprovided
by plottingpropulsivethrustperunitfrontalareaandspecificfuel
consumptionasa functionofMachnumber.

.
Thisinformationatyawangle

of0° is showninfigme 8,togetherwitha comparisonof somewhirling
dataobtainedfromthepulse-jetrotortestsofreference1. .7.

Thethrust forminimumspecificfuelconsumptionwasgenerallyabout
93percentofthemaximumthrustobtainedexceptinthewhirlingcase,
wheremhdnumspecificfuelconsumptionwasobt.shedatmaximumthrust.

Thenonwhirlingdataindicatea slightincreaseinpropulsive
thrustfrom1 to 1.04poundspersquareinchoffrontalareaasveloc--
i+yisincreasedfrom~ch numbers0.25to0.4. Abovethelatterspeed,
thethrustdecreasesKLQhtl.yatfirstandthenqtiterapidly,becoming
aboutO.~ poundpersquareinchatMachnumberof0.6. Theperform-
anceofthisengineatMachnuder 0.6is surprisinglygood,especially
inviewofthefactthatthepropulsivethrustofmostconventional
pulse-jetengines(designedforhighstaticthrust)decreasestoappr~x-
ima.telyzeroatthisspeed.

—. — -—–— .. . .—. —.— —. -.——.. ——.—.—_-
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A comparisonof thedataforthewhirlingendnonwhirlingthrust
atminimumspecificfuelconsumptionindicatesgoodagreementatMach
numbersup to about0.29.AtMachnuniber0.29,whichcorrespondedto
a centrifugalaccelerationofabout177g(rotorofref.1)a small
decreaseinwhirlingthrustappears,whereasthenonwhirlingthrustshows
a slightincrease.AtMachnumber0.33,whichcorrespondedtoa centri-
fugalaccelerationof22~g,thewhirlingthrustisabout10percentless
thanthenonwh!irlingthrust.Anothereffectofwhirlingisa reduction
inmaximumthrustovertheentirerangeoftestsofreference1. Previous
experiencewithram-jetengines(ref.3) hasindicatedlittleorno effect
ofwhirlingontheenginepropulsivecharacteristicsbelowcentrifugal
accelerationof400g.Forthisreason,thepulse-jetengineperformance
reportedinreference1 wasbelievedtobe freeoftheadverseeffects
associatedwiththesehighercentrifugalaccelerations.Itnowappears
thatthispulse-jetengine,however,experiencesa sigdficantdecrease
inthrustduetowhirlingat centrifugalaccelerationsofabout200g.As
inthecaseofthersm-jetengines,it appearsthatthisthrustlossis
duetodistortionofthefuelspraypatternabovea criticalcentrifugal
acceleration.

Thenonwhirlingminimum-specific-fuel-consumptioncurveshowsa
steadydecreaseas speedis increasedfromMachnmibersof0.25to0.4.
EetweenMachnunibers0.4and0.5thespecificfuelconsumptionreaches
a minimumvalueofabout5.3poundsoffuelperhourperhorsepower.
As speedisincreasedpastMachnumberof0.7,thespecificfuelcon-
sumptionincreasesrapidlyreachinga valueof7.0poundsperhourper
horsepowerathlachnumberof0.6.

Thewhirlingandnonwhirlingspecific-fuel-consu?@iondata,like
thepreviouslydiscussedpropulsive-thrustcurves,areingooda~eement
atthelowestspeed.As veloci~increases,theeffectofwhirlingthe
pulsejetresultsinhigherspecificfuelconsumptionthanforthenon-
whirlingcase.At Machnumber0.33,correspondingtoa centrifugal
accelerationof225g,theresultsindicatea 1~-percentincreasein
specificfuelconsumptionduetowhirling.

Thereareat leasttwocontributingfactorswhichwouldhavea
significantinfluenceon suchreducedperformance.Inallprobabili~,
thetypeandlocationofthefuelspraynozzleswouldaffectthecom-
bustionefficiencywhenintheinfluenceofa centrifugalfield.
Anotherfactormaybe theeffectofintermittentinternalflowasso-
ciatedwithpulseJetsonthefuelspraydistribution.Appreciable
gainsinthrustandspecificfuelconsumptionthereforeshouldbe
realizedby decreasingthesensitivityofthepulse-jetenginetothe
centrifugalaccelerations.Onewouldconcludethatthearrangementof
fuelspraynozzlesto compensateforthecentrifugalforcesonthefuel
distributionandpossiblevaporizationofthefuelbypreheatingin
ordertoreducethesizeandweightofthefuelparticlesshouldbe
furtherexploredtoachieveincreasedperformanceathighertipspeeds.
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EffectofEugineOperaticmonAirfoilSurfacePressures
. .1

A studyofthebladeairfoilsurfacepressureswasundertakento
determinetheextenttowhichengineoperationchangedtheaverage
loadlngoftkt portionofthebladeadjacenttotheengine.Blade
angle-of-attacksettingsof5°and10°werec40senasrepresentativeof
anglesofattackobtainedatthebladetipinhelicopterflight.The
enginewasmountedsothatitscenterWe washorizontalforboth
bladeanglesettingssincenormaldyina rotorinstallationitwould
bepivotedtoremainat0°angleofattackregardlessofbladepitch.
A representativesampleofthedataobtainedwiththeengineoperating
atfullthrustwitha b,ladepitchangleofattackof5°anda tunnel
Machnumberof0.3is showninfigure9. Figure9(a)showsa compar-
isonofthepressuresattheleadingedgeoftheairfoilfordistances
of 6.8and12.1inchesfromthecenterlineoftheengineforengine
power-offandpower-onconditions.A dampedsignaloftheengine
internalpressureusedindeterdningenginefiringfrequencyisalso
shown.Thetwoleading-edgepressuresignalsindicateoscillatorypres-
suresofthesamefrequencyastheenginefiringfrequency,butlittle
orno changeintheaveragepressurevalues.Bladeangleofattackhas
noapparenteffectontheoscillatorypressures.

Figure9(b)showsadditionalmeasurementsatvariouspercentchord
positionsforthetworowsofpressurecells.Againthereislittleor
no shiftinthemeanpressurelevel,andtheoscillatorypressuresare
againofthesamefrequencyasthe-enginefiringfrequency.Ingeneral,
thema@tudes oftheoscillatorypressuresonbothrowswereabout
equalandaveragedabout0.45poundper‘sqwe inch.Thepressure
signalsshownareatvariousinstrumentsensitivitiesand,“therefore,
theoscillatorymagnitudesarenotdirectlycomparative.A checkof
theenginenoiselevelinthetunnelapproximately6 feetaheadofthe
engineindicatedmaximumvaluesofabout164)decibels.Itappearsthat
theairfoilpressureoscillationsare&irectLya resultorme noise
leveloftheengine.Thema~tude oftheoscillatorypressuresshown
areprobablyconsiderablyhigherthanwouldbe experiencedinfreeair,
duetotestinginan enclosedtunnel.Soundlevelmeasurementsofa
similerpulse-jetengineinfreeah indicatednoiselevelsof140
decibelsatmaximumthrustata distanceof2 feet(ref.1). Itwouldbe
expectedthattheoscillatorypressureswouldshowthesamereduction.
Examinationofrecordstakenatvariousenginepowersettingsandtun-
nelspeedsshowsthesamegeneralpatternas showninfigures9(a)and
(b),exceptthattheoscillatorypressureampkl.tudedecreasedas engine
thrustandnoiselevelweredecreased.

—.
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CONCLUSIONS

Thebasicnonwhirlingpropulsivecharacteristicsofa helicopter-
typepulse-jetenginehavebeendeterminedintheLangley16-foot
transonictunnel.Testsweremde fora rangeofMachnumbersfrom
0.25to0.6andydwanglesfromOOto 200. Themorepertinentfind&s
ofthisinvestigationareasfollows:

1.Yawanglehada negligibleeffectonenginepropulsivethrust
up toMachnumber0.4. Yawan@es of10°or20°reducedthepropulsive
thrustby 6 to 8 percentatMachnwbers0.5~d 0.6,respectively.

2.Theenginepropulsivethrustatminimumspecificfuelconsump-
tionwasapproximately1 poundpersquareinchoffrontalareafor
MachnumbersfroMcr.25to0.45. AtMachnuniber0.6thepropulsivethrust
decreasedto0.73p“oundpersqwe inchoffrontalarea.

3. Theminimmn-specific-fuel-consuurptionvalueof5.3poundsof
fuelperhourperhorsepowerwasobtainedbetweenMachnumbersof0.4
and0.5. Thisvalueincreasedto 7 poundsoffuel
poweratMachnumber0.6. ‘

4. Comparisonofthewhirlingandnonwhirling
agreementat lowspeeds.As speed&d centrifugal

perhourperhorse-

dataindicatesgood
loadingareincreased,

thewhirlingdatashowa significantdecreaseinpropulsivethrustand -
an increasein specificfuelconsumptionat centrifugalloadingsabove
mog. Thisphenomenonisprobablymainlytheresultofdistortionof
thefuelspraypatternasthecentrifugalaccelerationis increased.

5.An exploratoryinvestiga~ionoftheeffectofengineoperation
onthebladeairfoilsurfacepressuresindicatesessentiallyno effect ‘
ofengineoperationon theBan pressurelevel.Oscillatorypressures
correspondingtotheenginesoundlevelwe present.

IangleyAeronautical.Laboratory,
NationalAdvisoryCmnmitteeforAeronautics,

Iangleyltleld,Vs.,July15,1955.

.
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Correctedfuelflowrate,W#bw, lb/hr

Figure6.- Correctedpulse-jetpropulsivethrustasa functionof
correctedfuelrateat zerode~eesyawangleforMachnumbers
of0.25,0.3,0.4,O.~,and0.6.
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